The mineral fertilizing and the supply of water seem to influence the content of lycopene in the fruits of tomato, thus it is crucial to elucidate the ideal levels of fertilizers and the adequate management of irrigation for this crop. Hence, the study had an objective to evaluate the efficiency of different levels of mineral fertilizing and the effect of irrigation management on the productivity as well as on the lycopene content in the fruits of tomato. For this, two experiments in Winter/Spring and Summer/Autumn were carried out. The treatments consisted of the combination of different levels of mineral fertilizersing with nitrogen, phosphorous, and potassium along with two levels of irrigation. The productivity of fruits, the production of large fruits, the lycopene content, and the efficiency in the use of nutrients, were evaluated. With the application of 120% of the recommended dose of fertilizing, the productivity of large fruits was maximum. The efficiency in the use of nitrogen, phosphorous, and potassium was maximum with the application of 120, 121 and 50% of the recommended dose of fertilizing, respectively, and 100% of the irrigation depth. The maximum content of lycopene was obtained, by applying 200% of the fertilizing dose and 50% of the irrigation depth. The best combination for the production of large fruits, higher lycopene content, and higher efficiency in the use of nitrogen, phosphorous, and potassium, was the application of 120% of the dosage of fertilizing and 100% of the irrigation depth.
Introduction
Tomato (Solanum lycopersicum L.) is the vegetable with the second largest volume of production worldwide, surpassed only by potato (FAOSTAT, 2017) , with production to be estimated in 170 millions of tons. But most of it is intended for fresh consumption (FAOSTAT, 2017; WPTC, 2015) . Brazil represents a vast producer of tomato, with a production estimated in more than 4 millions of tons (FAOSTAT, 2017) . The state of Minas Gerais represents the third bulky producer in this country, being responsible for 12% of the national production in 2016 (IBGE, 2015) .
Besides its economic importance, the tomato plays an important nutritional role, being an important source of vitamin C and of precursors of vitamin A (Leiva-Brondo et al., 2012) . A remarkable nutritional aspect in fruits of tomato consists on the presence of a high number of components essential for human health, especially those with antioxidant activity (Ilahy et al., 2011) . The antioxidant activity related to the consumption of tomato result from the presence of components such as Vitamin C in its fruits, and especially from components such as β-carotene and lycopene (Perveen et al., 2015) .
The lycopene represents most of the carotenoid content in tomato. This carotenoid has biological as well as physic-chemical properties that bestow it a high antioxidant activity, especially helping in the deactivation of singlet oxygen and the scavenging of free radicals (Islamian & Mehrali, 2015) . Therefore, the consumption of foods with higher contents of lycopene reduces the risks of a series of critical pathologies such as cardiovascular diseases and cancers (Aune et al., 2012; Eliassen et al., 2015) , justifying the demand for foods with higher contents of this bioactive component.
The content of lycopene in tomato varies considerably between genotypes of this species (Perveen et al., 2015) , and between the stages of maturation of fruits (Ilahy et al., 2011) . Studies also report a pronounced effect of the water regime (Pernice et al., 2010; Pék et al., 2014) and fertilization (Kuscu et al., 2014) on the concentration of carotenoids in fruits of tomato. In general, these studies show that two factors namely: (a) the reduction of irrigation, and (b) the imposition of water stress in tomato, have caused an increase in the carotenoid content in fruits. On the other hand, some of these studies show that water stress decreases lycopene content in some varieties of tomato, pointing to the need to optimize the reduction of irrigation in tomatoes targeting a higher nutritional quality of fruits.
The crop of tomato demands differentiated fertilization for each region of cultivation (Silva et al., 2011) . Additionally, the recommendations for mineral fertilizing in tomato rarely are updated, although the modern cultivars possess productive thresholds higher than those cultivated in the past. This confirms the importance of updating the levels of mineral fertilizing in tomato. For this, it is pertinent that the agronomic characteristics and the fruit quality of tomato be studied at different levels of fertilization and water supply of production of this crop.
Thus, the objective of this study was to evaluate the productivity, the lycopene content and the efficiency of nutrients use in tomato in the region of Zona da Mata, Minas Gerais, Brazil.
Materials and Methods

Seasons and Experimental Conditions of the Experiments
Two experiments were carried in two different seasons for testing the response of the treatments in contrasting seasons. The first experiment, from June to November 2013 (Winter/Spring), and the second from January to May 2014 (Summer/Autumn) was conducted, both in the Department of Plant Science, in the Federal University of Viçosa, in Viçosa, Minas Gerais, Brazil. The experiments were located at 20º45′ S latitude and e 42°52′ W longitude.
According to the texture analysis of soil, the soil in the first experiment, {according to the classification of Lemos and Santos (1996) }, was classified as clay soil (0-40 cm), and as frank-clay-sandy (0-20 cm) and clay-sandy (20-40 cm) in the second. The chemical characteristics of the soil were also evaluated (Table 1) . Note. Mehlich I* was used to extract available P, K, Fe, Zn, Mn, and Cu, whereas KCl (1 mol L -1 ) was used to extract Ca, Mg, and Al. Potential acidity to pH 7.0 with calcium acetate obtained from 1 mol L -1 ; B from hot water.
Genotype Information, Prepare of Seedlings and Cultivation Management
We evaluated the commercial hybrid Carina TY, which is commercialized by the Sakata Seed-Brazil. This hybrid is a salad tomato with undetermined growth, widely cultivated in Brazil. This hybrid has a high productive potential along with high quality of fruits.
The seedlings were produced in polystyrene trays with 128 cells using the commercial substrate Golden Mix (Amafibra), made of coconut fiber. The seedlings were transplanted when they had 3 to 4 fully expanded leaves. The arrangement of plants resulted in a density of 2.5 plants m -2 , and a population of 25.000 plants ha -1 . The agricultural management was performed on a weekly basis, thereby controlling the pests and diseases whenever required, according to the recommendations of Valenciano and Toril (2015) .
Fertilizing
Before the setting of the experiment, the acidity of the soil was corrected and the fertilizing was performed according to the recommendation of fertilizer used in the state of Minas Gerais, Brazil, known as the Quinta Aproximação (Ribeiro et al., 1999) (Table 2) . Table 2 . Recommendation of fertilizing used in the state of Minas Gerais, Brazil, adapted from the Quinta Aproximação, Ribeiro et al. (1999) Planting fertilizing Availability of P and K Doses However, the initial fertilizing in the experiments was not carried out. Further, the adjustment of the pH of the soil, with the application of 410 kg ha -1 (in the first experiment), and 395 kg ha -1 (in the second experiment) of dolomitic limestone, RPTN (Relative Power Total Neutralization) = 85%, was performed. The limestone was applied at 20 cm, one week before the transplantation, in both the experiments.
The fertilizing was gradually applied in the irrigation pipe with a venturi injector, from the first week of transplantation. The fertilizers used in both experiments were mono-ammonium phosphate (MAP), calcium nitrate (Ca 3 (NO) 2 ), potassium chloride (KCl), and magnesium sulfate (MgSO 4 ) and the fertilizing was further divided into 18 sessions in both the experiments.
Irrigation Management
The calculation of the water requirement was done based on the estimation of the Crop Evapotranspiration (ETc), and the frequency of irrigation was between 2 to 3 days. The crop water requirement was determined using the adjustment coefficients corresponding to the Reference Evapotranspiration (ET 0 ). The net irrigation depth was calculated based on the water balance, taking into account the input and output of the water irrigation.
The evapotranspiration was estimated by using the following equations, proposed by (Allen et al., 1998; Allen & Pereira, 2009 ):
and, Kc = (Kcb × Ks) + Ke (2) jas.ccsenet. (Allen et al., 1998) . The frequency of irrigation and the total amount of water applied (irrigation + rainfall) varied between the treatments (Table 3) . Note. The values in parentheses correspond to the number of irrigation events.
The treatments involving the irrigation depths were started 19 days after the transplantation (DAT), when the plants had 119 Degree Days (DD), and continued during the phases of development, production and harvest. The values of DD used as a reference to these three phases of development corresponded to 306, 661 and 1246 DD, respectively.
Weather Variables in the Experiments
The average temperature in the cultivation area was 18.5 °C in the first experiment and 20.9 °C in the second. The precipitation rate was 257.4 mm in the first experiment, and 315.4 mm in the second. The solar radiation in the first experiment was 15.9 MJ m -2
, and in the second was 16.6 MJ m -2 . The estimate of the relative humidity was 83% in the first experiment, and 84% in the second ( Figures 1A-1B) . 
Experimental Design
The data from 14 cultivation rows (14 m long, with a total area of 392 m 2 ) was collected, considering the central plants as the experimental plot and the end of rows as borders. The experimental plot with an area of 1.6 m 2 consisted of 4 plants. The plots consisted of rows of 3 m with 15 plants and had a total area of 6 m 2 .
The experiments were conducted in a randomized block in a split-plot design, with three replications. The plots allocated 50, 100, 150, and 200% of the recommended fertilizing (Table 4) , while for sub-plots allocated 50 and 100% of the Etc-Crop Evapotranspiration (mm d -1
). 
Experimental Evaluations
With an aim, to evaluate the productivity, the fruits were harvested and were classified into three commercial classes based on their diameter ( The efficiency in the use of nitrogen (NUE), phosphorus (PUE), and potassium (KUE) was determined based on the relationship between productivity (P), and the amount of each nutrient applied (N, P, and K). The above parameter was calculated using the equation given below:
where, NUE= efficiency in the use of nitrogen (kg kg -1 ), P = productivity (kg ha -1 ), and N = amount of nitrogen applied (kg). Similarly, the efficiency in the use of P and K was estimated.
The results were analyzed using regression and the models were chosen based on the significance of the regression coefficients, using the "t" test at the probability of 1 and 5%. The analysis was carried out in the statistical program R.
Results
Productivity of fruits
The reduction on the ETc from 100 to 50% reduced the productivity and the efficiency in the use of nutrients.
The quadratic model was the one that best adjusted to the total productivity, considering the interaction between the factors under study (Figures 2A and B) . With the application of 146.43% (114.27 t ha -1 ) and 145.65% (95.23 t ha -1 ) of the recommended dose of fertilization in the Winter/Spring and Summer/Autumn, respectively, the estimated maximum productivity with 50% of ETc was achieved (Figure 2A ). On the other hand, with 120.45% (134.11 t ha -1 ) of the recommended fertilization in the winter/spring, and 120.80% (105.88 t ha -1 ) in the summer/autumn, the maximum productivity with 100% of ETc was reached ( Figure 2B ). The highest productivity (134.11 t ha -1 ) corresponded to the winter/spring trial, applying 100% of ETc, and 120.80% of the jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 9; recommended fertilization. This fertilization was equivalent to 272.23, 557.71, and 566. 14 kg ha -1 of N, P, and K, respectively. Figure 2 . The total productivity of fruits (A and B), productivity of large fruits (C and D) and the content of lycopene in the fruits (E and F), under different levels of fertilizing and at two irrigation depths (50 and 100% ETc). *** Significant at 0.1%; ** Significant at 1%; * and significant at 5% by the "t" test
Estimates of the Lycopene Content
The content of lycopene showed a linear trend and reached maximum values with 200% of the fertilization and 50% of ETc in the winter/spring (86.7 µg g -1 ) and summer/Autumn (112.6 µg g -1 ), Figure 2E ). The maximum content of lycopene in the winter/spring (81.50 µg g -1 ) and summer/fall (100.8 µg g -1 ), was reached with 100% of ETc and 200% of the fertilization ( Figure 2F ).
The Efficiency in the Use of Nutrients
The mathematical quadratic model was the one that best adjusted to the efficiency in the use of nutrients. The efficiency in the use of P and K, decreased with the increase of doses of fertilization and reached a maximum with 50% of ETc in the winter/spring (881kg kg -1 ) and summer/fall (726 kg kg -1 ) ( Figure 3A ). As shown in the Figure 3B , the efficiency in the use of N was higher with the application of 100% of ETc in the winter/spring (972 kg kg -1 ) as well as in summer/autumn (856 kg kg -1 ). However, the maximum efficiency in the use of P was attained, with 50% of ETc in the winter/spring (429 kg kg -1 ) and summer/autumn (293 kg kg -1 ), ( Figure 3C ). Figure 3 . Efficiency in the use of nitrogen (A and B), phosphorus (C and D), and potassium (E and F), under the different levels of fertilizing and at two irrigation depths (50 and 100% ETc). *** Significant at 0.1%; ** significant at 1%; * and significant at 5% by the "t" test
The maximum efficiency in the use of K with 50% of ETc was 424 and 382 kg kg -1 in the winter/spring and summer/autumn, respectively, ( Figure 3E ). With the application of 100% ETc, the maximum efficiency in the use of K was 468 kg kg -1 in the winter/spring and 450 kg kg -1 in summer/autumn (Figure 3 F) . Applying 50% of the recommended dose of fertilization provided a maximum efficiency in the use of N, P, and K in the winter/spring (1.45 t ha -1 ), and summer/autumn (1.38 t ha -1 ).
Discussion
The decrease in productivity of tomato at 50% of ETc is associated with water deficit, since the irrigation depths below the consumption at 100%, reduces the productivity as well as the number of large fruits in tomato (Silva et al., 2013; Kuscu et al., 2014; Biswas et al., 2015) . The decrease in production in conditions of water deficit Vol. 11, No. 9; stems from effects that this condition has on (a) the photosynthetic processes, and (b) the efficiency in the use of nutrients by crops (Kreuzwieser & Gessler, 2010; Celebi, 2014) .
Fertilization directly affects tomato yield, as found for the productivity of the tomato variety Azad T-6 under the application of different levels of fertilizer (Kumar et al., 2013) . Additionally, levels of fertilizer lower than the doses applied in this study provided maximum productivity in tomato (Zhang et al., 2010; Marouelli et al., 2015) , which in turn, is attributed to the characteristics of the soil where these studies were carried out since the application of high levels of fertilizing might result in the leaching of nutrients. The contrast in the results obtained with the cultivars Karina TY and Azad T-6 may be attributed to differences in their genetic background, besides environmental differences between the areas where these cultivars have been studied such as soil, temperature, and precipitation (Zhang et al., 2010) .
At evaluating the application of nitrogen and phosphorous by drip irrigation in processing tomato, Zhang et al. (2010) reported that the phosphorus did not affect the biomass of stems and leaves. These authors pointed out that this result stemmed from a probably high level of phosphorus in the soil followed by an increase in the diffusion of this nutrient with the drip irrigation.
The deficiency and excess of nutrients, especially of N, P, and K, affect the metabolism of plants and, consequently, their productivity. However, when supplied in adequate levels, they are beneficial and essential to the growth and development, besides being closely associated to the synthesis and translocation of carbohydrate to the fruits (Araújo et al., 2010) .
The increase in the production of larger fruits in tomato until specified doses of fertilizing (121. 62 to 128. 13%) is in agreement with the results found in a similar study involving this crop in Turkey (Kuscu et al., 2014) . The increment in the production of larger fruits with the application of higher doses of nitrogen (60-120 kg ha -1 ) was similar to the results reported for nitrogen (0-120 kg ha -1 ), potassium (0-75 kg ha -1 ), and phosphorus (0-80 kg ha -1 ) in the production of processing tomato (Kumar et al., 2013) . According to Ferreira et al. (2010) , the increased productivity of larger fruits with the increase of fertilizing can be explained by enhanced synthesis of gibberellin in conditions where the availability of N is high. Moreover, the function of P is related to the transfer/storage of energy, which also influences the production of larger fruits.
Potassium is essential for the enzymes involved in the synthesis of lycopene, and according to some studies, the application of this nutrient is closely related to the content of lycopene in tomato (Fanasca et al., 2006; Taber et al., 2008) .
The studies further revealed that the application of high doses of K in soil at different irrigation depths increased the lycopene content in fruits of tomato (Hartz et al., 2000; Helyes et al., 2009; Javaria et al., 2012) . According to Javaria et al. (2012) , this effect stems from the essential function that this nutrient plays in the acceleration of enzymatic activities responsible for the production of carotenoid. On the other hand, some studies have indicated that K does not affect the content of lycopene in tomato (Fontes et al., 2000 , Taber et al., 2008 . According to Taber et al. (2008) , this occurs probably because the content of lycopene and the response of this crop to different levels of K vary according to the genetic background of the cultivars along with the changes in the temperature and precipitation in the regions of cultivations.
Further, irrigation with 50% of ETc increased the content of lycopene, suggesting that it can also affect the content of carotenoids in the fruits of tomato. This result is similar to those reported from a study on tomato in Turkey (Kuscu et al., 2014) and Hungary (Pék et al., 2014) . Corroborating with these results, Liu et al. (2011) , reported that drip irrigation decreased the content of lycopene in the fruits of tomato by 8%, thereby suggesting that it indirectly affects the concentration of lycopene in the fruits of tomato. Thus, this occurs through the possible effect of dilution that irrigation has on the content of lycopene in fruits by promoting the production of larger fruits (Pék et al., 2014) .
The higher productivity in tomato with the increase of the fertilizing can be explained, by the law of diminishing returns. This law states that from a certain level, the increase in the dosages of fertilizing results in a gradual decrease in the production, resulting in the use of nutrients less efficiently (Hawkesford, 2012) . Usually, the nutritional demands of the crops exceed the increase of the doses of fertilizing, and as a result, the total sum of exceeding nutrients is not used by the plants in their physiological processes, resulting in lower efficiency in the use of nutrients (Zotarelli et al., 2009; Hawkesford, 2012) .
The excessive application of fertilizing may result in losses by leaching, volatilization, and complexation in the soil (Hawkesford, 2012) . These effects corroborate with the results reported for the efficiency in the use of nitrogen in tomato (Araújo et al., 2007; Zhang et al., 2010) . The reduction in the efficacy of nitrogen utilization with an increase its doses, indicates that some of the nitrogen applied was not recovered in the plant tissues or might have been retained in the soil (Pires et al., 2015) . Additionally, it is found that applying high doses of fertilizers, especially of N, might result in (a) poor fixation, (b) reduction in the sugar content of fruits, and (c) reduction in the flavor of fruits (Dorais & Papadopoulos, 2001; Stefanelli et al., 2010) .
The significant impact of the doses of fertilization of phosphorous on its utilization efficacy highlights the response of plants towards doses of this nutrient. The commercial cultivation of tomato usually involves the application of large amounts of phosphorous. However, as pointed out by Macêdo et al. (2011) , this crop does not require high levels of phosphorous for completing its biological processes, since this nutrient is subjected to specific adsorption in the soil and is not readily available to plants.
The reduction in the efficiency of potassium utilization in tomato may result in lower uptake of calcium and boron, besides enhancing the susceptibility towards physiological disorders in fruits such as splits (Huang & Snapp, 2009 ). These authors also observed a higher sensibility of plants to the high concentration of salts, mainly during plant germination and development stage, indicating that the application of high doses of potassium elevated the saline concentration of this fertilizer and reduced the absorption of water and consequently the weight of fruits. Other concern resulting from the inappropriate employment of potassium via irrigation is the increase in the concentration of this nutrient in the soil and its consequent salinization (Hartz, 2009 ).
Conclusion
The productivity of tomato was found to be highest with 120% of the fertilizing and 100% of the irrigation depth. The content of lycopene was optimal with 200% of the fertilizing and 50% of the recommended irrigation. The efficiency in the use of N, P, and K was higher with a lower dose of fertilizing and 100% of the recommended irrigation depth. Therefore, the fertilizing dose of 120% and the application of 100% of the irrigation depth resulted in high yield, fruit quality and efficiency in the use of N, P and K.
